Abstract-Accurate and reliable measurement of rotational speed is desirable in many industrial processes. A novel method for rotational speed measurement using a low-cost camera and image processing techniques is presented in this paper. Firstly, sequential images are continuously processed using a similarity evaluation method to obtain the periodic similarity level of captured images. Subsequently, the rotational speed is determined from the periodicity of a restructured signal through Chirp-Z transform and parabolic interpolation based autocorrelation, respectively. The measurement principle and system design are presented. The advantages of the proposed measurement system include non-contact measurement, low cost, no markers required and high accuracy. Experimental investigations into the effects of the periodicity detection algorithm, frame rate and image resolution on the accuracy and reliability of the measurement system are conducted on a purpose-built test rig. Experimental results demonstrate that the system with the frame rate of 100 fps yields a measurement error within ±0.6% over a speed range from 100 to 3000 RPM (Revolutions Per Minute). More accurate and reliable speed measurements over a wider speed range are achievable with higher frame rates.
I. INTRODUCTION
Rotating machineries are widely applied in a range of applications such as energy, power, transportation and manufacturing industries. Since rotational speed reflects the operating conditions, it can serve as an essential parameter for the fault diagnosis and condition monitoring of rotating machineries. There are various tachometers available that utilize different measuring principles for practical applications [1, 2] . Mechanical tachometers are well-known conventional devices for rotational speed measurement. They are normally mounted on a rotating shaft or contacted with the moving surface. The additional mass to the system may affect the dynamical characteristics of the object being measured and generate wear for long-time operation [3] . The magnetic method is unsuitable for nonmagnetic materials due to the nature of magnetic sensing principle [4] . The measurement accuracy of the electrostatic sensors based system is less satisfactory at a lower speed due to less electrostatic charge generated on the rotor surface [5, 6] . More recently, vibration signal processing techniques have been combined with accelerometers to estimate the instantaneous rotational speed of a rotor [7, 8] . However, such systems are difficult to obtain accurate measurements in a harsh industrial environment.
In recent years vision-based approaches have been deployed to measure rotational speed in recognition of their advantages of non-contact measurement and simple system structure [9] [10] [11] [12] [13] [14] . A rotational speed measurement system using a high-speed camera and a double-sine-varying-density fringe pattern was proposed by Zhong et al. [9] . Kim et al. [10] used a high-speed camera with a switching colour pattern on the rotor for rotational speed measurement. In general, these imaging based systems are implemented through tracking high-contrast markers or speckle patterns on the shaft surface. In order to reduce the effect of motion blur due to marker tracking, highspeed cameras (more than US$13,000) with a minimum frame rate of 800 fps (frames per second) are usually used to acquire clear images. However, the low affordability of high-speed cameras limits the wide application of such systems. It is therefore desirable to develop techniques that use low-cost imaging devices to achieve satisfactory rotational speed measurements.
A low-cost imaging system for rotational speed measurement through image similarity evaluation and spectral analysis has been reported by Wang et al. [15] . However, a marker is required to be fixed on the cross section of a rotor. This requirement is difficult to meet in some industrial applications. In this paper the imaging system for rotational speed measurement focuses on the side face of the shaft without the use of a marker. Such a system requires lower maintenance and has wider applicability than the marker based systems. Moreover, new methods for periodicity determination based on Chirp-Z transform (CZT) and parabolic interpolation based auto-correlation (PIAC) are proposed to determine the rotational speed from the periodicity of the signal. Comparative assessments between the two methods for periodicity determination are conducted. In addition, the effects of frame rate and image resolution on the performance of the measurement system are quantified and discussed. In comparison with existing high-speed imaging systems, the proposed system is significantly more cost-effective. Fig. 1 shows the fundamental principle of the vision based rotational speed measurement system. An imaging device (Basler acA800-510um at a cost of ca US$500) is placed perpendicular to the axis of the shaft. In this case, the intensity distribution of the acquired images depends on a variety of factors, including surface properties of the shaft (i.e. surface roughness, natural pattern, etc.), illumination conditions and background. For certain operating and environment conditions, the image intensity distribution is mainly determined by the natural texture of the surface. When a shaft is in rotational motion, the intensity distribution of the images varies with time due to the inherent surface non-uniformity and vibration of the shaft. The rotational speed of the shaft can be measured by determining the periodic patterns in an image sequence. An image similarity evaluation algorithm, i.e. two-dimensional correlation (CORR2), is used to quantify the similarity between the first frame image and the subsequent images. With the continuous processing of the images, the similarity level is regarded as a periodic signal. The periodicity of the reconstructed signal is in fact equal to the time of the shaft rotating for one complete revolution. The periodicity is obtained using periodicity determination methods, CZT or PIAC, in this study. A detailed description of the methods is given in Section II.C. 
II. METHODOLOGY

A. Measurement principle
B. Image similarity evaluation
Two-dimensional correlation (CORR2) is a method for establishing the degree of probability that a linear relationship exists between two measured quantities [16] . In this case, the correlation coefficient indicates the degree of similarity between two images with the same size. For two images X and Y with a resolution of m×n pixels, the correlation coefficient r is defined as:
where X(i, j) and Y(i, j) are the gray-scale values at the point (i, j) in the images X and Y, respectively. X and Y are the mean intensity values of the matrices X and Y, respectively. The larger the correlation coefficient, the higher the similarity between the two images. In this measurement system, the first acquired image is considered as the reference. With a continuous comparison with the intensity distribution of the first image, an image sequence is transformed to a time-domain signal indicating the similarity level of the sequential images. In other words, the similarity level of the sequential images is normalized to the intensity distribution of the first image. Fig. 2 presents the typical resulting similarity signal at a rotational speed of 1000 RPM. As expected, the signal is periodic due to the rotational motion of the target. 
C. Determination of periodicity
The rotational speed is obtained from the periodicity of the reconstructed similarity signal (Fig.2 ) through the use of periodicity determination methods. Due to the low frame rate of a low-cost imaging device, common methods for periodicity determination, such as Fast Fourier Transform and auto-correlation do not perform well with limited sampling time [17, 18] . In order to improve the measurement accuracy and resolution of the low-cost imaging system, Chirp-Z transform (CZT) and parabolic interpolation based autocorrelation (PIAC) are deployed and compared in this study.
1) CZT
The main frequency of the reconstructed signal indicating the similarity level, f, is equal to the rotational frequency, which is determined through CZT in this study. The location of the dominate peak is corresponding to the rotational frequency, which is then converted into the rotational speed:
CZT is an effective frequency determination method, which computes the frequency spectrum over a certain frequency band in a more detailed way to achieve highresolution frequency measurement [17] . This method is capable of exploring the peak response of a signal within a smaller band of frequencies than the total Nyquist frequency spectrum and significantly refining the low-resolution Fourier spectrum with low computational complexity. Given a sequence with a finite length S(k) (k= 1, ..., N) of the similarity signal, the Chirp-
where M is the number of sampling points in the Chirp-Z transform with any possible positive integer value.
m k M Z is the transformation kernel and is calculated as
where fs is the sampling rate and [f0, f1] is the frequency observation interval, which is the priori information about the rough range of the actual rotational frequency. In this study, f0 and f1 are given, respectively, by
where fF is determined from the frequency with the highest amplitude in the frequency spectrum of the signal by applying the Fast Fourier Transform algorithm.
Once the Chirp-Z transform R(m) is obtained, the maximum amplitude of the high-resolution frequency spectrum corresponds to the main frequency component of the similarity signal S(k), which is regarded as the rotational frequency f.
2) PIAC
The period of the signal of the similarity level S(k) (k=1, ..., N) is equal to the period of the rotational motion. The period can be estimated from the auto-correlation function of the reconstructed signal. A normalized auto-correlation function is defined as
where N is the number of images in similarity evaluation and is the number of points in the correlation computation. m (m=0 ..., N) is the number of delayed points. The normalized auto-correlation function is used to obtain correlation coefficient, namely value of the dominate peak (other than the unity at m = 0). The location of the peak on the time axis of auto-correlation function is the coarse rotation period.
However, the period may not be located at the discrete points in the correlation function. In the measurement system using a low-cost camera, the performance of the autocorrelation algorithm is limited by a relatively low frame rate (below 500fps), which can lead to significant errors in period estimation. Therefore, an effective interpolation strategy, i.e. parabolic interpolation of the peak in the auto-correlation function is employed to generate a closer approximation to the actual rotational period . This interpolation method determines a fine peak by fitting a parabola through three sampling points around the coarse peak [19] . This approach has been commonly used in time delay estimation due to high accuracy and low computational complexity. In this case, the abscissas of three samples P1(x1, y1), P2(x2, y2) and P3(x3, y3) used for parabolic interpolation, which are located on the time axis of the auto-correlation function with the corresponding ordinates being the correlation coefficient, are obtained from equations, respectively where τ is the coarse estimate of the rotational period determined from the auto-correlation function. fs is the frame rate. The parabola that fits these points is obtained from 2 y ax bx c = + +
with the parabola coefficients as follows 
Consequently, the fine rotational period T, represented by the abscissa of the obtained parabola's vertex, is determined from
The rotational speed N is finally determined from the fine rotational period T: Fig. 3 shows the experimental setup of the rotational speed measurement system. The shaft is made of stainless steel with a diameter of 60 mm, connecting with an AC servo motor through a rigid coupling. The rotational speed is adjustable from 0 to 3000 RPM. The camera focuses on the side face of the shaft. A strip-shaped LED light source is employed to control the illumination conditions. A laptop is used to control the camera and store the image data from the camera through a USB 3.0 cable. Fig. 4 illustrates a typical image of the shaft captured by the low-cost imaging device. Image similarity evaluation, signal processing, including Chirp-Z transform and parabolic interpolation based auto-correlation, and rotational speed calculation are realized in the laptop. In this study a commercial laser based tachometer (UNI-T, model UT372) with a strip-shaped reflective tape on the cross section of the shaft is used to obtain an independent reference to assess the accuracy of the measured speed from the proposed system. The best achievable accuracy of the reference tachometer stated in the operation manual is ±0.04%.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Test rig
B. Test program
To evaluate the effects of relevant factors on the measurement results, three series of experimental tests, as outlined in Table I , were conducted on the test rig. A comparison of the two periodicity determination algorithms was carried out in Test I. In order to study the effects of frame rate and image resolution on the performance of the measurement system, different frame rates (100 fps, 300 fps and 500 fps) and image resolutions (640×480, 320×240, 160×120, 80×60 pixels) of the imaging device were assessed in Tests II and III, respectively. In this study measurement accuracy is represented in terms of relative error between the measured speed and the reference speed. The repeatability of the system for a given condition is represented in terms of normalized standard deviation of the measured speed. A total of 30 measurements under the same test condition were recorded for each repeatability test. 
C. Comparison between CZT and PIAC
In order to compare the performance of the periodicity determination algorithms, a series of experimental tests was carried out under the same conditions using CZT and PIAC. Fig. 5 depicts a comparison between the measured and the reference speeds over the range of 100-3000 RPM. It is evident that the measured speed is very close to the reference reading with a maximum error of ±0.65% for either algorithm. As shown in Fig. 5 , the two algorithms yield a similar trend. The relative error and normalized standard deviation decrease with rotational speed. For instance, for PIAC algorithm, the relative error is around 0.65% at the speed of 100 RPM with the normalized standard deviation of about 0.7%, while the error is significantly reduced to within ±0.1% when the rotational speed increases. This outcome is also consistent with observations in other sets of experiments due to the fact that more rotating periods are available for signal processing at a higher speed during the same sampling time. It is also worth noting that CZT performs better than PIAC for the same speed in terms of accuracy and repeatability. At the speed of 100 RPM, the relative error of CZT is within ±0.4% and the normalized standard deviation is around 0.4%, whereas the relative error is around 0.65% for PIAC. The reason for this difference in performance is that the low frame rate of the camera results in the low resolution of the auto-correlation function and hence uncertainty in the sampling points for the parabolic interpolation of the peak in the auto-correlation function. Therefore, CZT algorithm is employed for periodicity determination in the following study. 
D. Effects of frame rate
The frame rate is an important factor for the proposed system. A series of experimental tests was conducted with 100 fps, 300 fps and 500 fps, respectively, to quantify the effects of the frame rate. As shown in Fig. 6 , the comparison between the measured and reference speeds demonstrates that the proposed system, even with the frame rate of 100 fps, is capable of providing accurate and reliable measurement over the whole speed range. The relative error is within ±0.6% whilst the normalized standard deviation is no greater than 0.6% under all test conditions. This result verifies the feasibility and potential of a low-cost camera with a low frame rate for rotational speed measurement. In addition, the accuracy and repeatability are both improved as the rotational speed increases. It is important to note that the frame rate limits the measurement range of the rotational speed. In order to avoid temporal aliasing, the frame rate of the camera should be at least twice the rotational frequency according to the Nyquist sampling criterion. In other words, the maximum measurable speed for a given frame rate (f s) is (30×fs) RPM. As expected, a higher sampling frequency generates more accurate and repeatable results due to the smoother signal with the increased sampling points. Consequently, a higher frame rate is essential for higher measurement accuracy and better repeatability as well as extending the measurable speed range.
Relative Error (%) 
E. Effects of image resolution
As a key specification of the imaging system, image resolution is crucial for the measurement performance. The imaging device in this measurement system provides a range of image formats with different resolutions. In order to study the effects of image resolution, different resolutions, including 640×480, 320×240, 160×120 and 80×60 pixels, were tested. Fig. 7 indicates that the rotational speed can be measured accurately and reliably even when the image resolution is as low as 80×60 pixels. Under this circumstance the measurement system has a shorter computational time and hence fast system response. As expected, the captured images with the highest resolution outperforms all other image formats. This outcome is attributed to the fact that an increasing volume of pixel data is used to sense the changes in the intensity distribution due to the rotational motion of the shaft, enhancing the periodicity of the similarity signal. 
IV. CONCLUSIONS
Experimental results under a range of controlled test conditions have suggested that the rotational speed measurement system based on a low-cost imaging device performs well in terms of accuracy and repeatability without the use of any markers on the object in motion. The low-cost camera with a frame rate of 100 fps yields a relative error of no greater than ±0.6% over the speed range from 100 to 3000 RPM. For rotational speeds over 1000 RPM and given a sufficient frame rate and image resolution, both the measurement error and the normalised standard deviation are consistently within ±0.1%. The results presented have indicated that the system performance is still satisfactory even if the image resolution is as low as 80×60. It has been found that CZT is a more suitable algorithm for periodicity determination than PIAC under a low frame rate. Further work will focus on the investigations into other relevant factors that may affect the measurement system, including shooting angle, exposure time and illumination conditions as well as field trials of the system.
